Endometriosis is an estrogen-dependent, progesterone-resistant disorder largely derived from retrograde transplantation of menstrual tissue/cells into the pelvis, eliciting an inflammatory response, pelvic pain, and infertility. Eutopic endometrium (within the uterus), giving rise to pelvic disease, displays cycledependent transcriptomic, proteomic, and signaling abnormalities, and although its DNA methylation profiles dynamically change across the cycle in healthy women, studies in endometriosis are limited. Herein, we investigated the DNA methylome and associated gene expression in three phases of the cycle in eutopic endometrium of women with severe endometriosis versus controls, matched for ethnicity, medications, smoking, and no recent contraceptive steroid use. Genome-wide DNA methylation and gene expression were coassessed in each sample. Cycle phase was determined by histology, serum hormone levels, and unsupervised principal component and hierarchical cluster analyses of microarray data. Altered endometrial DNA methylation in endometriosis was most prominent in the midsecretory phase (peak progesterone), with disruption of the normal pattern of cycle-dependent DNA methylation changes, including a bias toward methylation of CpG islands, suggesting wide-range abnormalities of the chromatin remodeling machinery in endometriosis. DNA methylation changes were associated with altered gene expression relevant to endometrial function/dysfunction, including cell proliferation, inflammation/immune response, angiogenesis, and steroid hormone response. The data provide insight into epigenetic reprogramming and steroid hormone actions in endometrium contributing to the pathogenesis and pathophysiology of endometriosis.
INTRODUCTION
Endometriosis is characterized by endometrial-like tissue outside the uterine cavity, derived largely from abnormal eutopic endometrium (within the uterus) refluxed during menses that implants on pelvic organs because of its enhanced survival, angiogenic, and proliferative potential, and eliciting an inflammatory response and attendant infertility and chronic pelvic pain [1] . Eutopic endometrium of women with disease has markedly different transcriptomic and proteomic profiles, abnormal steroid hormone responses (to estradiol [E 2 ] and progesterone [P 4 ] resistance), aberrant growth factor signaling, and a proinflammatory phenotype, compared with unaffected women [2] [3] [4] [5] [6] [7] [8] [9] [10] . Although the pathogenesis of these differences is not well understood, epigenetic abnormalities have been implicated [3] .
Epigenetics refers to modifications of gene activity that are not accompanied by changes in gene sequence. Methylation of the 5 0 carbon position of cytosines, usually in the context of CpG dinucleotides, is the main epigenetic modification of DNA with essential roles in various biological processes [11] . Up to 20% of genes display DNA methylation patterns in a tissue-specific manner, associated with tissue-specific gene expression [12] . The distribution of DNA methylation across the genome and the position of methylation in the transcriptional unit should be considered when assessing DNA methylation data. In the vertebrate genome, more than half of the genes contain CpG islands (CGIs)-short, CG-rich regions-although the rest of the genome is CpG depleted [13] . At the promoters, the CpG density has a bimodal distribution, although intermediate CpG densities also exist [13] . The position of the methylation with relation to the transcriptional unit impacts its relationship with regulation of gene expression [13] . Most CGIs are unmethylated in somatic cells, with only a minority being methylated. The CGIs near the transcription start sites of active genes are usually unmethylated, and de novo methylation at these CGIs, as shown in cancer and disease, is often associated with gene silencing. We have found in women without endometriosis that endometrial DNA methylation changes across the menstrual cycle, involving both CGIs and non-CGIs, and is associated with changes in gene expression for several loci [14] . Greatest differences were observed between the proliferative (peak E 2 ) and the midsecretory (peak P 4 ) phases, suggesting that epigenetic modifications play a role in normal endometrial steroid hormone responses, which can impact the tissue's functional and physiologic roles of pregnancy establishment and maintenance, tissue homeostasis after menses and regeneration, and endometrial disorders. With regard to endometriosis, aberrant promoter methylation of several genes whose products are critical for the normal endometrial P 4 response (e.g., PGRB, HOXA10, ESR2, SF1) has been reported
DNA Methylation Analysis
Genomic DNA bisulfite conversion and quality controls (QCs) were conducted as described previously [14, 20] . Briefly, bisulfite conversion was done using the Zymo EZ-96 DNA methylation Kit (Zymo Research, Irvine, CA) based on the manufacturer's protocol. The QCs included a panel of MethyLight reactions [20] to assess the completeness of the bisulfite conversion and the amount of bisulfite-converted DNA. The quantity and integrity of the sample DNA after bisulfite conversion were determined by a bisulfite-dependent, methylation-independent MethyLight reaction of a multicopy ALU sequence, which is well distributed across the genome [20] . The completeness of bisulfite treatment was assessed using a panel of bisulfiteindependent primers with variable bisulfite-dependent probes reflecting various degrees of bisulfite conversion in the sample, including full conversion (100% conversion), no conversion (0% conversion), and partial conversion (50% conversion) [20] . All samples, except two (one ESE and one MSE), passed all QCs and were further assayed by the quantitative Illumina Infinium HumanMethylation27K platform (Illumina, San Diego, CA) based on the manufacturer's specifications, as described previously [14] . The Illumina 27K platform interrogates DNA methylation levels at 27 578 CpG sites corresponding to 14 475 protein-coding and 110 micro-RNA coding genes.
DNA methylation values were scored as b values (ratio of methylated signal over total fluorescent signal), ranging from 0 to 1 (from no methylation to complete methylation, respectively). DNA methylation measurement quality for each probe in each sample was assessed by the detection P value, calculated based on the difference in its signal intensity compared with a set of 16 negative control probes; only probes with detection P values ,0.05 (i.e., statistically significant differences from background) were retained for further analysis, and those with P . 0.05 were marked as ''missing'' and were excluded from further analyses. For each sample, the probe dropout rate was calculated as the percent of total number of probes with ''missing'' values from the total number of platform probes (27 578 ). Using stringent criteria, another ESE sample with highest ''missing'' values (3.5% dropout rate) was excluded from subsequent analyses. The dropout rates for all other samples were ,1% of total platform probes (0%-0.8%). Thus, the final endometriosis samples included in the analyses were as follows: n ¼ 4 PE, n ¼ 5 ESE, and n ¼ 5 MSE.
Global DNA Methylation Profile in Endometriosis
Probes with a ''missing'' value in more than one sample (n ¼ 116) were removed. The remaining 27 462 probes were assessed for global DNA methylation profiles and patterns across the menstrual cycle in endometriosis. Hypermethylated CpG sites are defined as having b value .0.8; hypomethylated CpG sites, b value ,0.2; and intermediately methylated CpG sites, 0.2 b 0.8. The state of methylation for each probe was determined for each cycle phase and then across other phases to determine if and which probes were hypermethylated, hypomethylated, or intermediately methylated in either all or some of the phases. The CpG sites hypomethylated or hypermethylated in all phases, intermediately methylated, or hypermethylated or hypomethylated in some but not all phases were next compared to the corresponding groups in control endometrium to determine the extent of similarities and differences in profiles, patterns, and loci in disease versus control.
Differentially Methylated CpG Sites in Cycle Phases
Median b values for each probe in each phase were calculated, and median b value differences were used to identify differentially methylated CpG sites between cycle phases. Probes with more than one missing value in each group were excluded from analysis. Cycle phase-specific median b value differences between endometriosis and controls were derived by subtracting the median b value of each probe in a specific phase in controls from the corresponding value in endometriosis, resulting in the following comparisons: PE Endo . Differentially methylated CpG sites in the different phase comparisons in disease were also compared to previously reported changes across the cycle in control endometrium. In addition, all endometriosis samples were compared to all control samples to investigate phase-independent differentially methylated loci between disease and controls. For all comparisons, probes were considered differentially methylated only with Db !0.136 (detectable differences of 95% confidence) [21] . As previously determined [21] , smaller differences in b values may be unreliable because of background noise and platform variability.
RNA Isolation and Gene Expression Microarray
Portions of the same tissue samples were processed for total RNA isolation with DNase treatment using an RNeasy Plus Kit (Valencia, CA), according to the manufacturer's specification. RNA quality was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNA sample preparation, quality assessment, and hybridization to Affymetrix HU133 Plus 2.0 gene expression arrays (.38 500 genes; Affymetrix, Santa Clara, CA) was conducted as previously described [14] .
Comparison of DNA Methylation and Gene Expression Data
The raw .cel expression data were GCRMA normalized using GeneSpring GX 12.0 software (Agilent Technologies). The transcription unit identifier was used to match corresponding probes from the two platforms using R (http:// www.r-project.org). Every DNA methylation probe for a given locus was compared to all transcripts of the corresponding locus. DNA methylation association with gene expression was investigated using the Spearman correlation.
Gene Functional and Biological Classification Analyses
The DAVID database [22] was used to investigate functional classification of genes that were differentially methylated in the same phases of disease versus control and across the cycle in disease. Furthermore, gene lists were cross-referenced to published data of transcriptome differences in endometriosis in women [8, [23] [24] [25] [26] ] and a baboon model of the disease [27] . In addition, an extensive literature review was conducted of the genes' biological characteristics and functions to evaluate genes and/or gene groups potentially important in the disease's pathophysiology.
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RESULTS
DNA Methylation Profiles of Eutopic Endometrium in Endometriosis During the Menstrual Cycle
DNA methylation profiles of endometrium of patients with severe endometriosis were investigated for: 1) global profiles and patterns across the cycle; 2) phase-specific differences versus controls; and 3) differences across the cycle in disease.
Global DNA Methylation Profiles and Patterns Across the Menstrual Cycle
To better understand the global changes in profiles and patterns of DNA methylation across the phases of the cycle in endometriosis, we assessed the frequency of differentially methylated loci, their state of loss or gain of methylation, and their genomic and chromosomal distribution, as well as their association within or outside CGIs. In endometrium from women with endometriosis, most CpG sites (61%; 16 765 CpG sites) were hypomethylated (b value ,0.2), whereas a small percentage (10%; 2803 CpG sites) were hypermethylated (b value .0.8) in all three phases (Fig. 1a) (Fig. 1a) . This general pattern is very similar to that of control endometrium [14] (and compare Fig. 1, a with b) ; however, the genes within each group differ to various extents (see below). Association of methylation levels with location within or outside CGIs revealed that the hypomethylated group was nearly entirely (94%) comprised of CpG sites within CGIs, representing 79% of the platform's CGIs (Fig. 1c) . This is in contrast to the hypermethylated group, with 33.5% of CpG sites within CGIs (Fig. 1e) , representing less than 4% of the platform's CGIs. Again, this general pattern is similar to that in control endometrium [14] (and compare Fig. 1 , c with d, and e with f) and similar to somatic tissue global DNA methylation patterns (i.e., hypermethylation involving non-CGI CpG sites and a small fraction of CGIs, with most CGIs remaining hypomethylated) [13, 28] .
Most of the loci that are hypomethylated (b value ,0.2) or hypermethylated (b value .0.8) in all cycle phases (i.e., phase independent) in disease were also hypomethylated or hypermethylated in all cycle phases in controls (disease independent). The hypomethylated group had 97% (16 538 CpG sites) and the hypermethylated group had 95% (2668 CpG sites) in b-value 0.8), and 1.8% (green section) are hypomethylated and 2.2% are hypermethylated (orange section) in some but not all phases (2% and 2% in control, respectively). c and d) Distribution of CGIs within the hypomethylated group in endometriosis and control endometrium, respectively: Most of the platform's CpG sites that are hypomethylated (61%; white) consist of nearly all (94%) CGIs, with only 6% non-CGI CpG sites. e and f) Distribution of CGIs within the hypermethylated group in endometriosis and control endometrium: the hypermethylated group in disease consists of 2803 CpG sites (10% of the platform's CpGs), but they are mostly non-CGIs (66.5%), with only 33.5% hypermethylated CGIs, comparable to control.
ABERRANT ENDOMETRIAL EPIGENOME IN ENDOMETRIOSIS common with control endometrium (Supplemental Table S2 ). Therefore, these loci could be regarded as both cycle and disease independent endometrial hypomethylated/hypermethylated loci. However, their endometrial uniqueness remains to be determined upon extensive comparisons to other tissues. The phase-and disease-independent hypomethylated group comprised 60% of the platform loci and therefore includes genes across the genome and with various functions. The hypermethylated group, with a smaller number of loci (9.7% of the platform), included genes in signaling and signal peptides, glycoproteins, defense response, plasma membrane, spermatogenesis, sexual reproduction, and gamete generation, among others (Supplemental Table S2 ).
The state of methylation differences between disease and control for the remaining loci, and with variable or intermediate methylation levels were further investigated in the context of phase-specific differences in disease versus controls as well as DNA methylation changes across the cycle in disease (see below).
Phase-Specific Differentially Methylated Loci in Endometriosis Versus Controls
Phase-specific DNA methylation profiles were compared (PE Endo vs. PE Control , ESE Endo vs. ESE Control , MSE Endo vs. MSE Control ; Fig. 2 ) and revealed phase-specific differences in disease versus controls in the: 1) DNA methylation profiles, 2) frequencies of gain or loss of methylation, and 3) involvement of CGIs-suggestive of the interaction of the methylome with varying hormonal milieu. These are specifically addressed below.
DNA methylation profiles in endometriosis. The largest differences in the number of differentially methylated CpG sites were in the P 4 Table S3 for full gene list). Differentially methylated CpG sites in disease versus control were mostly unique in each phase comparison (i.e., phase specific), with only a small number of differentially methylated loci in common between phases ( Table 2) .
Gain and loss of methylation. Phase-specific differential methylation in disease versus control included both gain and loss of methylation (Fig. 3 ), but patterns of methylation gain versus loss were different in the proliferative and secretory phases (Fig. 3) . In PE Endo versus PE Control most (64%) of the differentially methylated CpG sites gained methylation in disease (Fig. 3a) , whereas in ESE Endo versus ESE Control , most (79%) lost methylation in disease (Fig. 3b) . In MSE Endo versus MSE Control the frequencies of gain and loss of methylation in disease were similar (Fig. 3c ). Relevant to endometrium and endometriosis, some of the genes more methylated in PE Endo versus PE Control included GSTM1, GSTM5, HOXA5, and FAIM2; those less methylated in PE Endo versus PE Control included TAF1D, IL17B, and TRPM1. Gain of methylation in ESE Endo versus ESE Control included genes such as TOB1, VNN1, BDH2, and NPSR1, and loss of methylation in ESE Endo versus ESE Control included FZD2, HOXA9, HOXD12, ALG13, and CLEC11A. In MSE Endo versus MSE Control , MPP7, COL12A1, KCNE4, and EDNRB showed gain of methylation in disease, and PLEK, DLG5, HOXD12, LAMA3, and HOXA9
showed less methylation compared with controls. A more extensive list of the genes in phase comparisons is listed in Table 1 , and the complete list is in Supplemental Table S3 .
Taken together, these results indicate that: 1) the highest number of differentially methylated loci between disease and nondisease is in MSE, followed by PE and then ESE; and 2) comparing the three phases between disease and control, most differentially methylated CpGs have lower methylation in disease compared with control in the secretory phaseopposite to that of the proliferative phase.
Association with CGIs. In general, across all phase-specific comparisons in disease versus control (Fig. 2) , most differentially methylated loci were within CGIs (black and white bars in Fig. 2 ). However, there were marked differences in the frequency of CGI and non-CGI CpG sites when considering the loss or gain of methylation in disease versus control (Fig.  3) . Loss of methylation in PE (Fig. 3a) involved CGIs and nonCGIs with similar frequency, different from loss of methylation in disease versus controls in MSE and ESE, with most CpG sites within CGIs (.90% in MSE and ESE; Fig. 3 , b and c). Also, gain of methylation in disease versus controls ( Fig. 3 ) had a different pattern in each phase. In PE most (81%) were located within CGIs (Fig. 3a) , in ESE most (7 of 8; 87.5%) were outside CGIs (Fig. 3b) , and in MSE were within or outside CGIs with similar frequencies (Fig. 3c ). For example, of the loci mentioned above, GSTM1, GSTM5, HOXA5, and FAIM2 were located within CGIs, and TAF1D, IL17B, and TRPM1 were outside CGIs in PE Endo versus PE Control . In ESE Endo versus ESE Control , TOB1, VNN1, BDH2, and NPSR1 were outside CGIs, and FZD2, HOXA9, HOXD12, ALG13, and CLEC11A were within CGIs. In MSE Endo versus MSE Control , MPP7, PLEK, and DLG5 were located outside CGIs, and COL12A1, KCNE4, EDNRB, HOXD12, LAMA3, and HOXA9 were located inside CGIs.
Phase-independent differentially methylated loci in disease versus control. The DNA methylome of all disease samples was compared to that of all controls across all phases, and only three CpG sites were differentially methylated, corresponding to three genes: RPF2, more methylated in controls than disease and within a CGI; and PER1 and FAM181A, both more methylated in disease than controls and within and outside a CGI, respectively ( Table 2) . Because of the changes of DNA methylome throughout the phases of the cycle in both disease and control, this small number was not unanticipated. Several other loci, including HOXA9, HOXD12, IRX2, NKX6-2, CYP7B1, ALG13, MYO3A, and FZD2, all within CGIs, were less methylated in disease versus controls in both ESE and MSE phases ( Table 2) .
Association of changes in DNA methylation with gene expression. To investigate if phase-specific differentially methylated CpG sites in disease versus control endometrium were associated with changes in gene expression, we evaluated the gene expression profile of a portion of the same tissue samples by whole-genome microarray analysis (see Supplemental Fig. S1 for patterns of gene expression changes independent of DNA methylation). We also assessed the relationship of DNA methylation levels of each locus to the gene expression of its corresponding transcripts from the microarrays (see Materials and Methods). Because of the nonlinear nature of the relationship of DNA methylation with gene expression [29] , the Spearman correlation was used.
Phase-specific differentially methylated CpG sites between disease and control showed both positive and negative associations with changes in gene expression (Table 3) . This is expected because DNA methylation at gene promoters, either at CGIs or non-CGIs, is usually associated with decreased gene HOUSHDARAN ET AL. expression, whereas gene body methylation is usually associated with increased expression [11, 30, 31] . Also, DNA methylation at CGIs usually shows both negative and positive association with gene expression, although non-CGI methylation is usually negatively associated with gene expression [13] . CpG sites differentially methylated in disease versus controls in PE and MSE showed similar strengths of positive and negative association with gene expression, with stronger negative association in PE Endo Green to red: low to high methylation. Largest differences between phases of disease (Endo) and control is observed in MSE, followed by PE and ESE. Top section of each heat map represents loci more methylated in disease versus control, and bottom section represents loci less methylated in disease versus control. Location within or outside CGIs for each locus, in each heat map is depicted in the black/white CGI column, with black representing within CGI and white representing outside CGI. Loci in each comparison heat map are unique. differentially methylated CpGs were positively associated with gene expression and the positive association was stronger (þq ¼ 0.40, -q ¼À0.32; Table 3 ). CpG island analysis showed that most differentially methylated CpG sites within CGIs were positively associated with gene expression, whereas CpG sites outside CGIs had equal numbers positively or negatively associated with gene expression. These differences between cycle phases suggest complex recruitment of sequence-specific epigenetic machinery in response to different hormonal milieu in the endometrium of endometriosis patients.
ABERRANT ENDOMETRIAL EPIGENOME IN ENDOMETRIOSIS
Loci with moderate/high correlation between DNA methylation and gene expression. Differentially methylated Fig. 4 ) were conducted to investigate hormone dependence/phase differences and potential abnormalities in the setting of endometriosis.
Cycle-phase methylation differences. The largest differences in DNA methylation were between MSE Endo versus ESE Endo (100 CpG sites, corresponding to 96 loci; Fig. 4 , right), representing maximum P 4 action (MSE) and rising P 4 levels (ESE), followed by differences between MSE Endo (maximum P 4 ) versus PE Endo (maximum E 2 ; 81 CpG sites, corresponding to 79 loci; Fig. 4, middle) . The fewest differences were observed in ESE Endo versus PE Endo (34 CpG sites, corresponding to 32 loci; Fig. 4 , left; Supplemental Table  S4 , full gene list). For example, KRT19, CDK11A, and KCNC3 were more methylated in PE Endo versus ESE Endo ; RUNX3, CDKN2B, and PLEK were more methylated in ESE Endo versus MSE Endo ; and CASP8, ALDH1A3, and PTPRC were more methylated in PE Endo versus MSE Endo .
We previously found that normal endometrium displays changes between cycle phases [14] . Herein, the (above) cyclespecific differentially methylated loci were compared with those of normal endometrium. In ESE versus PE, there were no common differentially methylated loci between disease (34 CpG sites) and normal (27 CpG sites) endometrium (Supplemental Table S5 ). In MSE versus ESE, there was only one locus, FAM181A, in common between differentially methylated loci in disease (100 CpG sites) and normal (22 CpG sites; Supplemental Table S5) endometrium. FAM181A was more methylated in MSE than ESE in both disease and normal endometrium. In MSE versus PE, five loci are in common, but only one locus, FAM181A, showed the same direction of methylation change in both disease and normal, and the other four loci showed the opposite direction of differential methylation in MSE versus PE in disease and normal endometrium (Supplemental Table S5 ): FAM181A was more methylated in MSE than PE in both disease and normal endometrium; TAF1D and C21orf128 were less methylated in MSE than PE in normal, but more methylated in MSE than PE in disease; and PM20DA and ATP8A2 were more methylated in MSE than PE in normal, with the opposite pattern in disease. Aside from little overlap in cycle-phase changes with normal endometrium, the number of differentially methylated loci in cycle-phase comparisons was larger in disease than in normal. Furthermore, in normal endometrium, the least number of differences were between MSE versus ESE (22 CpG sites), and the most differences were seen in MSE versus PE (peak P 4 vs. peak E 2 ; 66 CpG sites) [14] , which is different from disease, with most differences in MSE versus ESE (100 CpG sites) and least between PE and ESE (34 CpG sites). These differences, as well as methylation gain/loss pattern and CGI involvements (see below), suggest broad abnormalities in endometrial DNA methylation across the cycle in endometriosis. Gain and loss of methylation. When comparing methylation changes between the proliferative with either of the secretory subphases (Fig. 5, a and c) , most CpG sites showed loss of methylation (85% PE . ESE and 70% PE . MSE). However, within the secretory phase, with the highest differences in DNA methylation between ESE and MSE, loss and gain, were observed, with a higher percentage (62%) more methylated in MSE versus ESE (Fig. 5b) . In control endometrium, the frequency of gain and loss of methylation is similar in all three phase comparisons [14] . This differs from disease, with more loss than gain of methylation in ESE versus PE (85% loss vs. 15% gain) and MSE versus PE (70% loss, 30% gain), and more gain than loss of methylation in MSE versus ESE (62% gain, 38% loss).
Association with CGIs. In general, most differentially methylated CpG sites across the cycle in endometrium of women with endometriosis were within CGIs (Fig. 4) . Differentially methylated CpG sites in ESE Endo versus PE Endo were mostly located in CGIs for loci, with either gain or loss of methylation in ESE Endo compared with PE Endo (Fig. 5a ) . In MSE Endo versus PE Endo and in MSE Endo versus ESE Endo , most CpG sites with loss of methylation in MSE were in CGIs (Fig.  5, b and c) , whereas gain of methylation in MSE compared with ESE Endo or PE Endo occurred with similar frequency within or outside CGIs (Fig. 5, b and c) . These observations differ from control endometrium, wherein methylation changes involved both CGIs and non-CGIs with similar frequencies in all comparisons. Also, in controls, CpG sites that had gain of methylation in MSE compared with PE were mostly located within a CGI, and CpG sites that showed loss of methylation in MSE compared with PE were mostly located outside CGIs [14] -opposite the pattern observed in disease herein.
Association of changes in DNA methylation with gene expression. Differentially methylated CpG sites in ESE Endo versus PE Endo , MSE Endo versus ESE Endo , and MSE Endo versus PE Endo showed positive and negative associations with gene expression changes, with positive association frequency slightly higher in all three comparisons (Table 3) . Also, CpG sites within CGIs showed both positive and negative associations with gene expression, with a higher frequency of positive association. For CpG sites located outside CGIs, higher frequency of negative association was observed in MSE Endo versus PE Endo , whereas equal frequency of positive and negative association was observed in MSE Endo versus ESE Endo . There were no CpG sites located outside CGIs in ESE Endo versus PE Endo associated with gene expression (Table  3) .   FIG. 3 . Phase-specific gain or loss of methylation and the association with CGIs in disease versus control. a) Differentially methylated loci divided by gain or loss of methylation in proliferative phase in disease versus control. b) Differentially methylated loci divided by gain or loss of methylation in early secretory phase in disease versus control. c) Differentially methylated loci divided by gain or loss of methylation in midsecretory phase in disease versus control. Endo, endometriosis; green, loci with loss of methylation in disease compared with control; red, loci with gain of methylation in disease compared with control; hatched, loci in CGIs. In the proliferative phase, most of the differentially methylated loci in disease gained methylation, different from ESE and MSE. Also, most of the gain of methylation in PE in disease involved CGIs, whereas most of the loss of methylation in ESE and MSE involved CGIs. 
Loci with moderate/high correlation between DNA methylation and gene expression. Differentially methylated endometrial CpG sites showing moderate/strong association with gene expression changes across the phases in disease involved genes with specific functions, including steroid synthesis and metabolism; regulation of cell growth/differentiation; DNA repair/genomic instability; transcription regulation and histones; and genes/pathways involved in endometrial function and dysfunction ( 
DISCUSSION
DNA Methylome
Methylation of the carbon-5 position of cytosine, mostly in the context of CpG dinucleotides, is the main epigenetic modification of DNA [11, 13] and is essential for many biological processes [11, 13] . About 10%-20% of genes display DNA methylation patterns in a tissue-specific manner, and these are usually associated with tissue-specific patterns of gene expression [12] . Herein, in severe endometriosis, similar to other noncancerous somatic tissues including normal endometrium [14] , most of the CGIs across the genome were hypomethylated, while a small group of CpG sites was hypermethylated, with most of them at non-CGIs. Of interest, most differential DNA methylation across the cycle in women with disease and in the comparison of disease versus controls involved CGIs, whereas changes in controls across the cycle involved both CGIs and non-CGIs, equally [14] . This is significant because CGI methylation is a highly controlled event in somatic tissues, and aberrant CGI methylation at key loci can alter cellular and tissue functions (e.g., tumor suppressor genes in cancer) [13, 32] . Moreover, various chromatin-remodeling components are involved in CGI methylation, and overrepresentation of abnormally methylated CGIs in endometriosis suggests wide-range abnormalities of the chromatin remodeling machinery in endometriosis. Changes in DNA methylation across the cycle could result from preexisting cis or trans epigenetic differences that, together with vast hormone-induced transcriptome changes, could further alter the methylation status of a given CpG site. Of interest with regard to different hormonal milieu were the findings of the greatest differences between MSE Endo versus MSE Control (peak P 4 ; Fig. 6a ), when resistance to P 4 action is a hallmark of endometrial dysfunction in endometriosis [8] . Also, the greatest differences in disease were within the secretory phase (MSE Endo vs. ESE Endo ; Fig. 6b , Endometriosis). These are different compared with controls, with greatest differences between peak P 4 versus peak E 2 (MSE Control vs. PE Control ) and fewest differences in the secretory phase (MSE Control vs. ESE Control ; Fig. 6b , Control), underscoring aberrant P 4 response in endometrium of women with endometriosis ( Fig. 6 summarizes these findings and in relation to hormonal and endometrial changes across the menstrual cycle).
Although we found differences between phases and across the cycle in disease versus controls, the great majority of the platform's CpG sites showed little to no difference from normal, and the differences were not very robust. Furthermore, the number of loci differentially methylated between all disease samples versus all control samples (phase independent, disease dependent) was small, similar to observations recently reported: Saare et al. [33] , using endometrial tissue samples from patients with and without endometriosis and a larger DNA methylation platform, also found a small number of differentially methylated regions (DMRs) between disease and nondisease, and also with nonrobust DNA methylation changes. Yamagata et al. [34] , using the same DNA ABERRANT ENDOMETRIAL EPIGENOME IN ENDOMETRIOSIS methylation platform used herein, observed no separation of genome-wide profiling of cultured endometrial stromal cells from patients with and without endometriosis in cluster or principal component analyses. In our study as well as that of Saare et al. using whole-tissue samples, this could be due to the variable DNA methylation levels across the cycle, or in different cellular components in endometrium, in both disease and controls. Although a small number of disease-specific differentially methylated loci, with nonrobust DNA methylation changes, limits marker discovery potentials, abnormal methylation patterns between phases of disease and across the cycle provide molecular insights for understanding the disease pathophysiology, as discussed below. It is important to note that further functional and protein expression analyses, following this exploratory study, are required to fully assess the role of epigenetic mechanisms in regulation of gene expression in these loci, as well as their potential importance in disease pathogenesis and progression.
Insights into Endometriosis Pathophysiology
Endometriosis is an inflammatory, estrogen-dependent disorder characterized by the presence of endometrial tissue outside the uterine cavity. It is accepted that endometrial cells by retrograde menstruation establish lesions on the peritoneum and escape immune clearance, with attachment, invasion, proliferation, and neoangiogenesis necessary for continued growth and survival of the endometriotic implants. These cellular advantages may be preexisting (hereditary or acquired) in eutopic endometrial cells of endometriosis patients. This is supported by the observation that eutopic endometrium from women with endometriosis differs in transcriptome, proteome, cellular signaling, and biochemical pathways [5, 8, 35] across the menstrual cycle, and shows a persistent proliferative and proinflammatory phenotype, increased cell survival, and aberrant P 4 responsiveness in humans as well as in animal models of the disease [8, 10, 36, 37] . These studies have found specific pathways, gene networks, or candidate genes to be affected in disease that are potentially advantageous in disease establishment. Herein, aberrant DNA methylation profiles in eutopic endometrium affect genes with various functions potentially important in the pathogenesis and pathophysiology of the disease-such as cell cycle regulation; inflammation and immune response; steroid hormone response; cell migration; and regulation of gene expression. These include either identical or closely related genes reported in previous transcriptomic studies [8, 24, 27] .
Cell cycle, proliferation. Our previous transcriptome studies in the eutopic endometrium of women with endometriosis versus no disease showed an enrichment of genes involved in cell cycle control and proliferation that are normally up-regulated in the proliferative phase and downregulated in the secretory phase [8, 10] . These data suggested incomplete transition from the proliferative to the secretory phase, with enhanced cellular survival and aberrant expression of P 4 -regulated genes in secretory endometrium [8, 10] . Herein, we also observed abnormal DNA methylation associated with expression of genes regulating the cell cycle. For example, CDKN2B encodes a cyclin-dependent kinase inhibitor that binds specifically to CDK4 and CDK6 [38] , both of which are abnormally expressed in endometrial stromal fibroblasts (eSFs) from women with endometriosis [25] , and regulates cell proliferation by controlling cell cycle G 1 progression [38] . The region encompassing CDKN2B and CDKN2A is affected by many signaling pathways and oncogenic agents [39] , and it shows frequent copy number alterations, inactivating mutations, homozygous deletions, and aberrant DNA methylation/ polycomb-associated silencing in a variety of tumors [38] . CDKN2B was more methylated in ESE compared with MSE in endometriosis and was associated with decreased expression, potentially leading to cell cycle abnormalities in ESE in disease.
Growth factors induce proliferation in steroid-dependent cells of normal endometrium. For example, the EGFR pathway is involved in eutopic and ectopic endometrial growth and differentiation, and eSF proliferation in vitro [8] . EGF is a potent mitogen for eSF in vitro [40] , and MIG6, a negative regulator of EGFR signaling, is down-regulated in ESE in the endometrium of women with endometriosis [8] . Also, dysregulation of several genes in the EGFR signaling cascade was previously shown in patients [8] and in the baboon model of endometriosis [27] . Herein, we observed aberrant methylation of several EGF-like factors (TEK and LAMA3) in disease, further supporting disrupted EGF signaling in eutopic endo- HOUSHDARAN ET AL. ABERRANT ENDOMETRIAL EPIGENOME IN ENDOMETRIOSIS metrium of women with endometriosis. TEK (tyrosine kinase, endothelial) plays a role in angiogenesis [41] and is more methylated in PE in disease versus controls, with decreased expression. LAMA3 (Laminin, alpha 3), an extracellular matrix component of basement membranes promoting epithelial cell attachment, migration, and organization [42] , is less methylated and more expressed in MSE in disease versus control.
Inflammation and immune response. Cytokines and growth factors effectively promote endometrial cell/tissue fragment implantation and evasion of immune-mediated clearance, playing a pivotal role in endometriosis pathophysiology [40] . Activated macrophages are more abundant, and cytokine/chemokine profiles are altered in peritoneal fluid and eutopic endometrium of endometriosis patients [43, 44] and in baboons with disease, including several aberrantly expressed Top portion is a graphic of changes in estrogen, progesterone, and endometrial characteristics across the menstrual cycle depicting the PE, ESE, and MSE phases. a) Summary of phase-specific changes in disease versus control, showing the largest differences between MSE, compared with PE and ESE, with more gain of methylation loci in disease compared with control in PE, and more loss of methylation in disease compared with control in ESE and MSE. b) Comparison of changes in DNA methylation across the cycle and the comparison with control, showing the largest difference in disease between MSE versus ESE different from control, with smallest differences between MSE versus ESE and largest differences in MSE versus PE. Also, changes involved loss and gain of methylation equally in control in all three comparisons, different from disease showing secretory phases (ESE and MSE) involving more loss of methylation compared with PE and more gain of methylation in MSE versus ESE. Endo, endometriosis.
genes involved in T-cell activation [27] . Transcriptomic studies demonstrate a proinflammatory phenotype in women with endometriosis versus controls without any pelvic pathology [10] . Herein, several differentially methylated genes have roles in inflammation and the immune response, including BST2, PLEK, and CCL3. BST2 (bone marrow stromal cell antigen 2, also known as CD317) is an interferon-induced protein.
Inflammatory cytokines, such as interleukin 6 (IL6), induce its expression, and it is highly overexpressed in endometrial cancer [45] . It is less methylated and more expressed in MSE Endo than ESE Endo . PLEK (pleckstrin) plays an important role in proinflammatory cytokine activation (tumor necrosis factor a and IL1B) [46] . Its overexpression alters cytoskeletal organization and cell spreading [47] . It is less methylated and more expressed in MSE Endo versus ESE Endo and PE Endo , and also less methylated and more expressed in MSE Endo than MSE Control . CCL3, chemokine (C-C motif) ligand 3 (also known as macrophage inflammatory protein 1a [MIP1a]) is elevated in the peritoneal fluid of women with endometriosis [48] . In vitro studies suggest its role in inducing monocyte and T-cell migration to ectopic sites and increasing eSF invasiveness and endometriosis progression through metalloproteinase induction [48] . High E 2 levels (in endometriosis) further induce its expression [48] . It is less methylated and highly upregulated in MSE Endo versus ESE Endo .
Other gene groups potentially important in disease pathophysiology and/or progression. Differentially methylated genes affecting diverse processes at the cellular and molecular levels include those involved in cell adhesion (CDH8, CCDN8, COL12A1, and COL11A2), cell migration (G1PC1, CCKAR, and TN53), responses to hormones (PRSS8 and TFF3), protein kinase cascades (IKBKE and SLC44A2), and oxidative stress protection (ALDH1A3, CYP2A13, GSTM1, and PLOD3). Furthermore, many differentially methylated genes are involved in transcription function and regulation, and DNA binding and cation binding.
Previously Reported Genes with Abnormal Methylation in Disease
Several genes, including SF-1, ER-b, HOXA10, and PR-B, are differentially methylated in the endometrium of women with endometriosis versus controls [15] [16] [17] . CpG sites interrogated in the current platform did not show the same patterns for these genes, because CpG methylation results differ based on the interrogated location. Also, every CpG within a region may not be methylated or may show variable methylation. Aberrant methylation was found when interrogating 29 CpG sites across a 333-bp region containing exon II, intron II, exon III, and intron III (þ4085 to þ4337) of the SF-1 gene in endometriosis [17] . However, our platform interrogated two locations (at þ17 and þ127), and both probes are unmethylated in disease and control. In another study, when HOXA10 methylation was interrogated at three regions in disease (À25 to À300 and other fragments within 1.2 kb of the transcription start site), it showed no, partial, or full methylation [16] . Our platform has one probe for HOXA10 at þ1461, a different location, and shows intermediate methylation in controls and disease, and no differential methylation, thus accounting for the observed differences. Naqvi et al. [49] used the Illumina platform and reported on 10 of 120 genes differentially methylated, and none of these 10 genes was in common with our data, potentially because of the use of samples from individuals with different severities of disease and/or different cycle phases, or, as they recently found, the distance of disease from the uterus [50] . Saare et al. [33] , as mentioned above, have shown similar genome-wide profiles between eutopic endometrium of disease and nondisease as those reported herein. They found the largest differences in the menstrual and late secretory phases (not part of the current study) versus other cycle phases, and although they showed there are changes in methylation across the cycle, they did not find many differences between the proliferative versus the early secretory and midsecretory phases. There are several study differences that could affect the specific outcomes of our study compared with Saare et al. [33] , including in their report: a smaller number of control samples in the proliferative and early secretory phases; defining and restricting the search for differential methylation to DMRs (regions smaller than 500 bp between at least three consecutive probes); a larger array platform; self-reporting of cycle date for most samples, which may affect phase determination accuracy; and the availability of samples in the menstrual and late secretory phases.
Strengths and Limitations of the Study
Strengths of our study include well-annotated participant data; strict cycle phase determination using histology, serum E 2 and P 4 levels, and unsupervised hierarchical clustering and principal component analyses; focus on the most severe phenotype of disease by ASRM criteria [19] ; and concomitant gene expression and DNA methylation analysis on each endometrial sample from the same participants. Limitations include the small sample size, cellular heterogeneity, and the cross-sectional study design. However, despite these caveats, we observed the biggest differences in the DNA methylome in the secretory phase-the midsecretory phase showing the largest differences when comparing disease to controls and in midsecretory versus early secretory phases across the cycle in disease-in line with abnormal P 4 response in endometriosis. In addition, we found differentially methylated genes associated with gene expression changes relevant to the pathophysiology of endometriosis. However, in the absence of functional analyses, our interpretation of the impact of our findings of DNA methylation differences in both gene expression regulation and disease pathogenesis is limited. Cellular heterogeneity due to the use of whole-tissue samples adds to potential variations in DNA methylation values, meaning that the data are drawn from a wide range of probability distributions (different cell types predicted to have different methylation profiles), which is particularly important with a small sample size and not normally distributed data. We removed samples from further analyses only if they failed our stringent, multistep QCs, and we used a more resilient statistical method to potential outliers that was also suitable for nonparametric data, but we did not cherry-pick the samples for a more homogenous signature. A larger sample set, collected longitudinally, with isolated cellular components and using a comprehensive genome-wide DNA methylation and gene expression platform in future studies, together with protein expression and functional analyses, will extend the understanding of epigenetic abnormalities in the eutopic endometrium of women with endometriosis.
